A variety of metal multilayers was exposed to high x -ray flux using Sandia National Laboratories' PROTO II machine in the gas puff mode.
Introduction
The possibility of varying the 2d-spacing of metal multilayer x -ray diffraction elements in the range of 20 -200 angstroms makes them good candidates for high temperature plasma x -ray spectroscopy. ' As higher temperatures are reached in plasmas, questions arise concerning the resultant heat load on the diagnostics themselves.
This paper discusses our on -going research into the resultant heat loading of metal multilayers exposed to high radiation flux from plasmas with 10 -30 ns x -ray radiation pulse widths and approximately 20 J /cm2 surface dose.
The source and experiment
The PROTO II accelerator at Sandia National Laboratories, Albuquerque, was used to implode annular gas puffs of neon gas. 2 In addition to the pure gas shots, gas puffs were imploded upon targets of polyacrylic acid foam and parylene soda straws.
The resultant radiation that was produced can be characterized as having a low energy recombination continuum and characteristic line radiation of neon and of the impurities in the system. Around 1 keV, radiation is primarily in the H-and He -like resonance lines of neon as shown in Figure 1 .
The fact that there is practically nothing except the two resonance lines near 1 keV made this spectral source ideal for the heat loading problem. The neon resonance lines could be used to probe the changes in the x -ray reflectivity of the metal multilayers.
The total energy, the temporal FWHM, and the size of the plasma column exhibited shot -toshot variation depending on the target the gas was imploded upon and machine parameters. The total energy of the H-and He -like resonance. lines emitted from an approximate 4 mm diameter by 2 cm long source in 4ï steradians was 1 to 2 kJ in each line, with a temporal FWHM of approximately 20 ns. A typical source emitting -1 keV and above radiation is shown in Figure 2 .
The low energy radiation is emitted from a smaller volume of 2 mm in diameter and 2 cm in length.
The total energy in 47 steradians for all radiation was in the 20 -40 kJ range.
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The possibility of varying the 2d-spacing of metal multilayer x-ray diffraction elements in the range of 20 -200 angstroms makes them good candidates for high temperature plasma x-ray spectroscopy. 1
As higher temperatures are reached in plasmas, questions arise concerning the resultant heat load on the diagnostics themselves. This paper discusses our on-going research into the resultant heat loading of metal multilayers exposed to high radiation flux from plasmas with 10 -30 ns x-ray radiation pulse widths and approximately 20 J/cm 2 surface dose.
The source and experiment
The resultant radiation that was produced can be characterized as having a low energy recombination continuum and characteristic line radiation of neon and of the impurities in the system. Around 1 keV, radiation is primarily in the H-and He-like resonance lines of neon as shown in Figure 1 . The fact that there is practically nothing except the two resonance lines near 1 keV made this spectral source ideal for the heat loading problem.
The neon resonance lines could be used to probe the changes in the x-ray reflectivity of the metal multilayers. The total energy, the temporal FWHM, and the size of the plasma column exhibited shot-toshot variation depending on the target the gas was imploded upon and machine parameters. The total energy of the H-and He-like resonance* lines emitted from an approximate 4 mm diameter by 2 cm long source in 4TT steradians was 1 to 2 kJ in each line, with a temporal FWHM of approximately 20 ns. A typical source emitting ~ 1 keV and above radiation is shown in Figure 2 . The low energy radiation is emitted from a smaller volume of 2 mm in diameter and 2 cm in length.
The total energy in 4fr steradians for all radiation was in the 20 -40 kJ range. Shot 1863 (neon): x -ray pinhole photograph resulting from exposure to x rays above keV.
(RAR 2497 film, berillium entrance window; line of sight 75 degrees off cylindrical axis.)
The experiment consisted of two metal multilayer spectrometers.
Each spectrometer had provisions for a prefilter, a metal multilayer diffraction element, a post filter, a NE111© fluor and a fiber optic bundle coupled to a shared visible streak camera.
Spectrometer 1 was designed to have the metal multilayer located 150 cm from the source; at this distance it would diffract the incident radiation without undergoing any physical change. Therefore, Spectrometer 1 provided the "control" spectrum.
Spectrometer 2 was designed such that the metal multilayer was only 15 cm from the plasma center and was expected to experience physical changes during the radiation pulse.
These physical changes could be detected by comparing the differences in reflected spectra from the two spectrometers. Figure 3 is a schematic of the two spectrometers and their relationship to the source. Both spectrometers were 75 degrees off the cylindrical axis of the plasma.
In addition to the two metal multilayer spectrometers, there were a variety of other plasma diagnostics on each shot, including a curved KAP crystal spectrograph, a grazing incidence spectrograph, several pinhole cameras, time resolved bolometers and several x -ray diodes (XRD).
The additional diagnostics allow us to know the spectrum and the total energy incident on the multilayer. This is especially important if one is to quantify the changes in the multilayer and to do the modeling. The experiment consisted of two metal multilayer spectrometers.
Spectrometer 1 was designed to have the metal multilayer located 150 cm from the source; at this distance it would"diffract the incident radiation without undergoing any physical change. Therefore, Spectrometer 1 provided the "control" spectrum.
In addition to the two metal multilayer spectrometers, there were a variety of other plasma diagnostics on each shot, including a curved KAP crystal spectrograph, a grazing incidence spectrograph, several pinhole cameras, time resolved bolometers and several x-ray diodes (XRD). The additional diagnostics allow us to know the spectrum and the total energy incident on the multilayer. This is especially important if one is to quantify the changes in the multilayer and to do the modeling. Schematic of components of the two multilayer spectrometers. Geometry was constrained to fit the vacuum system of PROTO II.
The separations of the individual spectrometer components were determined by the physical constraints of the existing vacuum system of PROTO II.
The available angular width coupled with the distance at which one could place items of considerable width outside the vacuum system were of particular importance.
The Bragg angle of the metal multilayers had to be less than 11 degrees in order to prevent the multilayer at source distance 15 cm from blocking other lines of sight, and to diffract the relevant x -rays out the available port. The constraints on the Bragg angle set the possible 2d-spacings of the multilayers that could be used in the experiment.
Specifically, for 1 keV radiation the 2d-spacing could not be less than 71.5 angstroms.
It was determined that the spectrometers would be designed for nominal Bragg angles of 5 and 10 degrees.
Therefore, the two 2d-spacings to be investigated would be -70 angstroms and -140 angstroms. Metal multilayers of W /C, Mo /C and Pd /C obtained from Troy Barbee of Stanford University and multilayers from Ovonic Synthetic Materials Co. of W/C and W /Si were used as samples.
Emphasis was given to the W/C multilayers.
Each metal multilayer had its diffraction profile measured at Cu La in the laboratory3 before and after being subjected to heat loading.
The fluorescer used was NE111 ©, which has a temporal response FWHM of 1.9 ns at 390 nm" with a spectral FWHM of -50 nm.5 The fiber bundle was constructed from Corning DBF 85 um diameter core and 125 pm outer diameter fiber which has a dispersion of -50 ps /(nm -100 ft) at 390 nm.
The bundle was 47 meters in length and was fabricated by EG &G, Las Vegas. To have a reasonable intrinsic FWHM system it was necessary to use a BARR® interference filter with peak transmission of 74 %, centered at 380 nm with a spectral FWHM of 20 nm decreasing the effective FWHM of the NE111© light to 20 nm.
The resultant effective system temporal FWHM was 2.4 ns.
The fiber bundle itself consisted of 219 fibers.
Sixty -four (64) fibers covered the detection plane of Spectrometer 1 in a linear coherent array. The detection plane of Spectrometer 2 was covered by two sets of 56 fibers separated by a 6 mm gap in the plane of dispersion.
The difference in the number of fibers necessary to cover the two detection planes was due to the different distances of the detection planes from their respective multilayer diffraction elements.
Four fibers were used for combs and impulse fiducials.
The streak camera was an EG &G Modular Streak Camera with a 3 cm photocathode. A GEN2 MCP image intensifier was used to increase the signal.
Data were taken on KODAK® Royal X -Pan film.
An EG &G H -0E -28 Optical Comb Generator was used to input light pulses at 2 ns intervals into 3 temporal calibration fibers.
Data
At the time of writing, data analysis had just begun. We will report, however, one striking trend in the data.
Specifically, we will discuss Shot No. 1863 which was a pure neon gas puff.
Thin film bolometer5 data from D. L. Hanson indicates an isotropic yield of 43.4 kJs of total radiation with 15.3 kJ in line radiation. Figure 3 . Schematic of components of the two multilayer spectrometers. Geometry was constrained to fit the vacuum system of PROTO II.
The separations of the individual spectrometer components were determined by the physical constraints of the existing vacuum system of PROTO II. The available angular width coupled with the distance at which one could place items of considerable width outside the vacuum system were of particular importance.
The Bragg angle of the metal multilayers had to be less than 11 degrees in order to prevent the multilayer at source distance 15 cm from blocking other lines of sight, and to diffract the relevant x-rays out the available port. The constraints on the Bragg angle set the possible 2d-spacings of the multilayers that could be used in the experiment. Specifically, for 1 keV radiation the 2d-spacing could not be less than 71.5 angstroms. It was determined that the spectrometers would be designed for nominal Bragg angles of 5 and 10 degrees. Therefore, the two 2d-spacings to be investigated would be ~ 70 angstroms and ~ 140 angstroms.
Metal multilayers of W/C, Mo/C and Pd/C obtained from Troy Barbee of Stanford University and multilayers from Ovonic Synthetic Materials Co. of W/C and W/Si were used as samples.
Each metal multilayer had its diffraction profile measured at Cu La in the laboratory 3 before and after being subjected to heat loading.
The fluorescer used was NE111©, which has a temporal response FWHM of 1.9 ns at 390 nm 1* with a spectral FWHM of ~ 50 nm. 5 The fiber bundle was constructed from Corning DBF 85 ym diameter core and 125 ym outer diameter fiber which has a dispersion of ~ 50 ps/(nm-100 ft) at 390 nm.
The bundle was 47 meters in length and was fabricated by EG&G, Las Vegas. To have a reasonable intrinsic FWHM system it was necessary to use a BARR® interference filter with peak transmission of 74%, centered at 380 nm with a spectral FWHM of 20 nm decreasing the effective FWHM of the NE111© light to 20 nm.
The fiber bundle itself consisted of 219 fibers. Sixty-four (64) fibers covered the detection plane of Spectrometer 1 in a linear coherent array.
The detection plane of Spectrometer 2 was covered by two sets of 56 fibers separated by a 6 mm gap in the plane of dispersion.
The streak camera was an EG&G Modular Streak Camera with a 3 cm photocathode. A GEN2 MCP image intensifier was used to increase the signal.
Data were taken on KODAK® Royal X-Pan film.
An EG&G H-OE-28 Optical Comb Generator was used to input light pulses at 2 ns intervals into 3 temporal calibration fibers.
At the time of writing, data analysis had just begun.
We will report, however, one striking trend in the data. Specifically, we will discuss Shot No. 1863 which was a pure neon gas puff. Thin film bolometer 6 data from D. L. Hanson indicates an isotropic yield of 43.4 kJs of total radiation with 15.3 kJ in line radiation. Figure 2 is the pinhole photograph for Shot No. 1863 showing the extent of the plasma emitting around 1 keV.
The metal multilayers fielded were two pieces cut from the same sample of OVLA130B from Ovonic Synthetic Materials, Co.; a W/C of 134 angstroms 2d.
One hundred twenty -three (12. 3) ug /cm2 of Al were used as a postfilter for each spectrometer.
There were no prefilters involved.
The streak camera data were digitized at EG &G on a Perkin Elmer PDS Microdensitometer.
Corresponding signals for the same feature for each spectrometer are shown in Figure 4 .
The data have been smoothed using an adaptive filtering code called AWARE. Compressed streak from Spectrometers 1 and 2. Data were smoothed using AWARE adaptive filtering code in exposure space.
The signal from Spectrometer 1 is larger than that of Spectrometer 2 even though it was 10 times farther from the source, in part, because Spectrometer 1 exhibits higher background exposure due to its more straight-through line of sight.
Also, the time history of the signal from Spectrometer 2 cuts off very quickly, even before the main peak of the radiation pulse. Spielman, Sandia National Laboratories).
The signal from
Spectrometer 2 exhibits a FWHM of only -8 ns and falls off very rapidly, indicating that the multilayer reflecting surface was destroyed before the peak of the keV radiation pulse.
Modeling in progress
Many approaches exist for calculating metal multilayer x -ray diffraction properties. These include the closed form Darwin Prins calculations,° recursion relation method,' and the matrix method from E &M boundary conditions.10
Because the matrix method is compatible with the zoning techniques of existing Los Alamos hydrodynamics codes, it is thus used in our analysis.
Instead of having each matrix describe a layer, we have a matrix describe each zone.
This can be part of a layer or a whole layer, allowing us to follow material flow, and expansion and contraction inside the multilayer more readily. The optical constants a and ß, the real and imaginary parts of the index of refraction, needed for the matrix method are calculated according to Henke, et al1° using the atomic form factors in Henke, et al1' and extended by Auerback and Tirse11.12
When a multilayer is subjected to high radiation flux, one would expect the layers to absorb the radiation differentially depending upon the material properties of the particular layer and its position in the stack.
Using the matrix method, and following Berning,l' it is straight forward to calculate the energy deposited in each zone or layer using the matrix method.
The data from the XRDs and thin film bolometers determine the power of the incident spectrum as a function of time.
The four necessary components for modeling the problem are now in place.
We can calculate the reflectivity of the multilayer, determine the energy absorbed from the incident spectrum, and then determine the changes in the multilayer according to hydrodynamics for a time step. We reiterate the process until we have followed the incident spectrum through its cycle.
We will then be able to compare the model with the experimental data described above. The metal multilayers fielded were two pieces cut from the same sample of OVLA130B from Ovonic Synthetic Materials, Co.; a W/C of 134 angstroms 2d.
One hundred twenty-three (123) yg/cm 2 of Al were used as a postfilter for each spectrometer.
The streak camera data were digitized at EG&G on a Perkin Elmer PDS Microdensitometer.
The data have been smoothed using an adaptive filtering code called AWARE. The signal from Spectrometer 1 is larger than that of Spectrometer 2 even though it was 10 times farther from the source, in part, because Spectrometer 1 exhibits higher background exposure due to its more straight-through line of sight.
Also, the time history of the signal from Spectrometer 2 cuts off very quickly, even before the main peak of the radiation pulse.
A great difference in the FWHM of the two signals is evident. The signal from Spectrometer 1 has a FWHM of ~ 25 ns which is in agreement with the value given by a corresponding XRD (R. B. Spielman, Sandia National Laboratories).
The signal from Spectrometer 2 exhibits a FWHM of only ~ 8 ns and falls off very rapidly, indicating that the multilayer reflecting surface was destroyed before the peak of the keV radiation pulse.
Many approaches exist for calculating metal multilayer x-ray diffraction properties. These include the closed form Darwin Prins calculations, 8 recursion relation method, 9 and the matrix method from E&M boundary conditions. 10 Because the matrix method is compatible with the zoning techniques of existing Los Alamos hydrodynamics codes, it is thus used in our analysis.
This can be part of a layer or a whole layer, allowing us to follow material flow, and expansion and contraction inside the multilayer more readily.
The optical constants a and $, the real and imaginary parts of the index of refraction, needed for the matrix method are calculated according to Henke, et al 10 using the atomic form factors in Henke, et al 11 and extended by Auerback and Tirsell. 12 When a multilayer is subjected to high radiation flux, one would expect the layers to absorb the radiation differentially depending upon the material properties of the particular layer and its position in the stack.
Using the matrix method, and following Berning, 13 it is straight forward to calculate the energy deposited in each zone or layer using the matrix method.
The data from the XRDs and thin film bolometers determine the power of the incident spectrum as a function of time. The four necessary components for modeling the problem are now in place.
We can calculate the reflectivity of the multilayer, determine the energy absorbed from the incident spectrum, and then determine the changes in the multilayer according to hydrodynamics for a time step. We reiterate the process until we have followed the incident spectrum through its cycle. We will then be able to compare the model with the experimental data described above.
Summery
We have outlined our on -going project to investigate the heat loading effects on metal multilayers irradiated by extreme fluxes from high temperature plasmas.
The desired experimental results have been obtained and modeling is under way. 
